We have used density functional methods to calculate fully relaxed potential energy curves of the seven lowest electronic states during the binding of O 2 to a realistic model of ferrous deoxyheme. Beyond a Fe-O distance of~2.5 Å, we find a broad crossing region with five electronic states within 15 kJ/mol. The almost parallel surfaces strongly facilitate spin inversion, which is necessary in the reaction of O 2 with heme (deoxyheme is a quintet, O 2 a triplet, whereas oxyheme is a singlet). Thus, in spite of a small spin-orbit coupling in heme, the transition probability approaches unity; using reasonable parameters, we estimate a transition probability of 0. 
Introduction
All electrons have a spin, which is an intrinsic quantum chemical property that can take only two possible values, normally called α and β (or spin up and down). Almost all normal organic molecules contain an even number of electrons and also an equal number of α and β electrons. They are then said to have paired spin or to be singlets. Molecular oxygen (O 2 ) is a famous exception to this rule: In its ground state, it has two more electrons of one spin state than the other. Thus, it is said to have two unpaired electrons or to be a triplet. The singlet state of O 2 , with all electron spins paired, is ~90 kJ/mol higher in energy than the triplet ground state (1) .
A chemical reaction can normally not change the spin state of an electron. Therefore, reactions between singlet and triplet states are formally spinforbidden, which means that they are slow. This is the reason why organic matter may exist in an atmosphere containing much O 2 : there is a strong thermodynamic drive of O 2 to oxidize organic matter to H 2 O and CO, but because these products, as well as the organic molecules are singlets, whereas O 2 is a triplet, this reaction is spinforbidden and therefore very slow at ambient temperatures. On the other hand, this is a problem when living organisms want to employ O 2 in their metabolism -the reactions are still spin-forbidden and slow.
Nature has handled this problem by using transition metals to carry, activate, and reduce O 2 . There are many reasons for this choice. First, most transition metals also contain unpaired electrons, making reactions with triplet O 2 allowed.
Second, transition metals are relatively heavy atoms, which increases spin-orbit coupling (SOC) and thereby a quantum-mechanical mechanism to change the spin state of an electron, called spin inversion. However, the SOC of the first-row transition metals is too small to alone allow for spin transitions. Third, transition metals often have several excited states with unpaired electrons close in energy to the ground state. This can also be used to enhance the probability of spin inversion.
One of the most simple biological reactions involving molecular oxygen is the binding of O 2 to hemoglobin, i.e. the binding of O 2 to the Fe(II) ion in a heme group. This reaction is formally spin-forbidden, because the reactant deoxyheme contains four unpaired electrons in the 3d orbitals of iron (it is a quintet) and triplet O 2 has two unpaired electrons. Thus, depending on the relative direction of these two sets of unpaired electrons, the adduct would be expected to have two (4 -2) or six (4 + 2) unpaired electrons (i.e. a triplet or a septet state). However, experimentally, the product complex is a singlet state with an equal number of α and β electrons. As discussed already by Pauling (2, 3) , this problem makes the hemoglobin reactions troublesome to understand (4) , and it is not clear how nature has coped with the spinforbidden nature of this reaction. The importance of spin inversion is also reflected in the Perutz model of hemoglobin co-operativity (5-7): The movement of iron into the heme plane is assumed to trigger a transition from a tense T state to a relaxed R state after binding of two oxygen molecules, and this trigger, in the form of the Fe-N ax pull, depends on the spin state of heme.
Theoretical methods have been successfully applied to many problems in heme chemistry. Already the simple Hartree-Fock formalism correctly predicts the bent form of the O 2 adduct (8), whereas state-of-the-art density functional theory (DFT) provides excellent geometries of porphyrins in general (9) (10) (11) (12) (13) . Among these, the B3LYP density functional predicts very close-lying quintet and triplet states in deoxyheme models, sometimes with a triplet ground state (14) . Recently, DFT was used to compute the electronic spectrum of Fe II porphine with 2-methylimidazole as the axial ligand, giving the quintet state lowest but the triplet state only 12 kJ/mol higher in energy (15) , in excellent agreement with experiment. These circumstances indicate that the treatment of spin states in porphyrins is delicate, owing to the closeness in energy of various spin states. The fact that spin inversion occurs in globins during oxygen binding means that all low-lying states, independent of their number of unpaired electrons, need to be considered in a proper study of the reaction.
Spin-dependent mechanisms relevant for the present work have been studied in particular by Franzen (16) and Harvey (17) .
In this work, we have optimized the ground state and several low-lying excited states at many points along the heme-O 2 binding curve. Our results indicate that the reason for the facilitated binding of O 2 to heme is a broad crossing region of the relevant spin states, which provides significant transition probabilities. We show that porphyrin is an ideal iron ligand for the spin-transition problem, because it tunes the spin states to be close in energy, giving parallel binding curves, small activation energies, and large transition probabilities. This finding explains why the porphyrin ring is designed to bring spin states close in energy and why spin inversion and reversible binding is possible in heme proteins. We also provide evidence that similar arguments apply to other heme proteins, e.g. the heme peroxidases, where neardegeneracy, in this case in the ferric state, is caused by strengthening the ligand field of the proximal histidine by a hydrogen bond to a carboxylate group. Hence, we suggest a new role for the choice of axial ligand in such systems, viz. to bring spin states close in energy and thereby facilitate spin-forbidden binding of ligands.
Methods
In the present work, we study the reversible binding process
with particular emphasis on analyzing possible states along this reaction coordinate.
Such a detailed approach seems to be necessary to study the nature of the reversible process.
Computational details
All geometry optimizations were performed with the exchange functional together with the Perdew 1986 correlation functional (BP86) (18, 19) . Accurate energies were then estimated by single-point calculations with the Becke three-parameter hybrid method with the local spin-density approximation correlation functional of Vosko-Wilk-Nusair and the non-local Lee-Yang-Parr correlation functional (B3LYP) (20) (21) (22) (23) (24) (25) . B3LYP is probably the most accurate of the generally available exchange-correlation functionals for calculating relative energies and frequencies (26) (27) (28) (29) . However, in our experience, BP86 provides slightly better geometries for metal complexes than B3LYP and at an appreciably lower cost (30) .
The calculations were carried out with the Turbomole software, version 5.6 (31) . The basis sets used for geometry optimization were 6-31G(d) for all atoms except iron, which was described by the double-ζ basis set of Schäfer et al. (32) it has been shown that the rotation of the O 2 group in a model similar to ours has a barrier of less than 8 kJ/mol (37).
Likewise, another unsymmetrical conformation arising from a 45°r otation of imidazole (staggered oxygen and eclipsed imidazole with respect to the Fe-N eq bonds) was 2 kJ/mol less stable than the C s conformation. The spin densities and charges were similar to within 0.02 e of the C s state, but the geometry showed differences of up to 0.07 Å in the Fe-O bond. Thus, we can conclude that the symmetric structure is the most stable geometry of this system and we have therefore would therefore couple to the a' unpaired π-electron of O 2 , whereas the other two orbitals, xy and yz, would interact with the a" electrons instead.
Selection of states
We have searched for low-energy states that could contribute to the Table 1 . The states are unrestricted Kohn-Sham wavefunctions with a large degree of spin polarization in most cases.
Results and Discussion
The ground state of the adduct Table 1 (the lowest closed-shell singlet with the same occupation numbers is 5 kJ/mol higher in energy). Its geometry is displayed in Table 2 and Figure 1 . It can be seen that it closely resembles the X-ray structure of oxymyoglobin (36) and a surplus of β spin on iron (-0.79 e), as is quantified in Table 3 and illustrated in Figure 1 , bottom. Literature is rich on discussions about the nature of the Fe-O bond (38, 39) . In particular, it has been argued whether the electronic structure of oxyheme is better described as singlet oxygen, bound to low-spin Fe II (2) or as a superoxide radical antiferromagnetically coupled to low-spin Fe III (40 kJ/mol higher in energy. However, the present results gives a better description of the ground state in terms of geometry.
The dissociated states
Isolated deoxyheme is experimentally a high-spin quintet (38) . The optimized structure of this complex ( A'(1).
Excited states
In Table 1 , the relaxed electronic spectrum is presented for the oxyheme model. It Thus, these states are nearly degenerate within the uncertainty of current methods (~10 kJ/mol), which makes it hard to assign the spectrum in detail. However, the result is in qualitative agreement with the fact that all three spin states have been found from Mössbauer spectroscopy within 10 kJ/mol in ferrous myoglobin and hemoglobin (corresponding to an excitation at 12 000 nm) (47) (48) (49) , and the observation of a low-lying triplet state in thermal equilibrium with the singlet ground state of oxyheme at temperatures between 25 K and 250 K (50).
The vertical electronic excitation spectrum was recently calculated (46) with a model identical to ours using the symmetry-adapted cluster configuration interaction (SAC-CI) method on the experimental geometry. This approach gave a similar ground state and low-lying geometries are optimized, the states will come substantially closer in energy.
The spin densities of the seven low-lying states are shown in Table 3 .
From these, it can be seen that the two dissociative states, Mulliken charges for the various excited states are compiled in Table 4 .
Interestingly, whereas the spin densities on iron and O 2 vary appreciably for the various states, the charges are much more similar. For example, the variation in the charge of the N ax and N eq atoms is 0.05 e and 0.09 e, respectively. A somewhat larger variation is seen for the charge on the iron ion, varying between 0.58 and 0.73 e.
However, this variation is fully consistent with the spin densities, giving a lower charge for low-spin states, which are better shielded from the nuclei, as rationalized by Slater's rule (51) . For the same reason, the high-spin states tend to have more charge in the porphyrin ring as measured at the N eq atoms in Table 4 .
Thus, the total electron density (charge) is quite rigid in the states. This 
Binding of O 2
We now turn to the actual association mechanism. The closeness of these states is of course caused by the near-degeneracy of the triplet and quintet state of deoxyheme. As can be seen from the variation of the spin densities with the Fe-O distance in Figure 3 (A and B) , the transmission coefficient κ can be approximated by the probability P AB in the LandauZener equation (54, 55) :
Here, v is the crossing velocity (the classical velocity of the particle moving along the potential energy surface) and |S A -S B | is the absolute value of the difference in slope of the potential energy as a function of the reaction coordinate at the crossing point. In addition, 2∆E AB is the difference in energy of the states when the perturbation that lifts their degeneracy has been applied, in our case the spin-orbit coupling (SOC).
To get a feeling of the various terms in this expression, we will insert 
Comparison with peroxidases
We have seen that the facile binding of O 2 to heme in the globins is essentially an effect of the near-degeneracy of quintet and triplet states of deoxyheme.
It is then natural to ask whether other heme proteins have solved the problem in a similar way and whether proteins are designed to facilitate the binding of ligands. We will show that this is probably the case by a comparison to the peroxidases. 
